We use a competing risk model to analyze environmental determinants of child mortality using the 1992 China National Health Survey, which collects information on cause of death. Our primary question is whether taking into account of cause of death using a competing risk model, compared with a simple model of all-cause mortality, affects conclusions about the effectiveness of policy interventions. There are two potential analytical advantages in using cause of death information: (1) obtaining more accurate estimates and (2) validating causal relationships. Although, we do not find significant differences between estimates obtained from the competing risk model and those from simpler hazard models, we do find evidence supporting the causal interpretations of the effect of access to safe water on child mortality. Our analysis also suggests that a respondent-based health survey can be used to collect relatively reliable information on cause of death. Modifying future demographic and health survey (DHS) instruments to collect cause of death information inexpensively may be worthwhile for enhancing the analytical strength of the DHS.
Introduction
Environmental risk factors account for about one-fifth of the total burden of disease in low-income countries according to recent estimates (World Bank, 2001) . WHO (2002) reports that among the 10 identified leading mortality risks in highmortality developing countries, unsafe water, sanitation and hygiene ranked second, while indoor smoke from solid fuels ranked fourth. A number of econometric studies using household survey data from low income countries also find significant relationships between environmental factors and child morbidity and mortality (e.g., Wolfe and Behrman, 1982; Lee, et al. 1997) . Such evidence suggests that public investments in health infrastructure can improve health outcomes, particularly child survival prospects.
In this paper, we evaluate alternative empirical methodologies for estimating the impact of environmental factors on child mortality in micro-data. Our primary question is whether taking into account cause of death using a competing risk model affects conclusions about the effectiveness of policy interventions. Such information is critical for prioritizing public investments in order to maximize the health benefit for given resources, particularly in the context of achieving the targets set by the Millennium Development Goals (MDG) on child mortality and environment. To our knowledge, no previous econometric study of child mortality has explicitly modeled cause of death.
Indeed, distinguishing child deaths by cause may seem unwarranted. After all, the objective of policy should be to prevent child deaths from any cause; as long as a child's life is saved, it should be a matter of indifference whether the averted death would have been the result of diarrhea disease or respiratory infection.
2 By this reasoning, it is sufficient to analyze the determinants of all-cause mortality, which only involves estimating a simple child survival-time (or hazard) model.
Nevertheless, there are a couple reasons why accounting for cause of death using a competing risks framework might be advantageous. First, this type of survival model is more flexible than an all-cause model and might, therefore, give more accurate estimates of environmental impacts. Second, separate estimates of the effect of environmental factors by cause of death may provide a way to detect the presence of confounding factors --in other words, of endogeneity bias. Certain environmental variables should have no effect on the probability of dying from certain causes. If it turns out that they do, then these environmental variables may be picking up unobserved attributes of households or communities that are correlated with mortality outcomes, the presence of which would invalidate any causal inferences.
3
Information on cause of death is collected in only a few DHS, usually by selfreports combined with verbal autopsy methods. Aside from the well-known reliability issue, one problem is that, given the typical DHS sample size, the number of deaths from any particular cause is likely to be small. For this reason, we turn to a national health survey conducted in China in 1992, and modeled after the DHS, which does provide information on cause of child death. An advantage of the China survey is its vast sample size -more than 4,000 child deaths are recorded in rural areas -and its broad geographical coverage, which ensures substantial variation in environmental risk factors.
Another advantage of looking at China, especially rural areas, is that local provision of public goods, such as piped water, is likely to be less responsive to local tastes than in a more pluralistic and market-oriented economy. As a result, the issue of purposive program placement (Rosenzweig and Wolpin, 1986 ) is likely to be less important in our context.
The paper is structured as follows. Section 1 provides a summary of the China health survey. In section 2, we lay out the different hazard models used in our empirical analysis and discuss the other econometric procedures. Section 3 reports results. Section 4 concludes.
Data
The 1992 China Health Survey (CHS) was designed and implemented jointly by the China Statistical Bureau (CSB) and UNICEF. It covers all 29 provinces (except Tibet), using a sampling frame based on the 1990 census. The survey is representative both at the national and at the provincial level. Within rural areas, which are the focus of our analysis, stratification was done by geographic characteristics: hills, mountainous areas and plateaus. The primary sampling units (PSU) are villages. A total of 380,305 rural households were interviewed during the month of June 1992. The survey questionnaire design follows closely that of the DHS. There are four basic survey instruments: (1) a household questionnaire, (2) a questionnaire for women, (3) a questionnaire for children, and (4) a village questionnaire (only for the rural sample).
All women who had given birth since 1976 are interviewed. All births between 1977-92 are recorded with the outcomes, dates, place, and type of birth assistance. For children who died before age 5 at the time of the survey, information on date, place and cause of death are collected. Studies of several DHS show evidence of downward bias in reporting child deaths; i.e., the longer the recall period, the more likely the respondents misreport the case. In order to minimize the possible recall bias on child deaths, we consider live births in the five years preceding the survey, which give a sample of 160,899 births. 4 The sample distribution by province is presented in Table 1 in the appendix.
Since the 1992 CHS followed closely on the heels of the 1990 census, it is worth comparing estimates of province-level child mortality rates across the two data sources.
As summarized in Table 1 , this comparison is encouraging; it shows that for most provinces (22 out of 29) the mortality estimates from the CHS are roughly in line with those from the census.
5
The CHS collects information on cause of child death based on the mother's report. Responses are chosen from a set of causes and symptoms questionnaire, 6 rather than conducting a verbal autopsy. 7 Given that about 77% of the rural deaths occurred at home, and the difficulties in ascertaining cause of death even under the best of circumstances, we expect considerable noise in this variable. Nevertheless, ignoring 4 The number of child deaths in urban areas (555 over a 5-year period ) is too small to permit a separate survival analysis, hence we focus on rural areas. 5 The seven provinces which have a considerably different estimate of IMR include Hanan, Jilin, Jiansu and Guanxi, Zhejian, Hubei, Guanqi. 6 Detailed survey methods are reported in "1992 National Health survey of children: proceedings on survey and research", published by the China State Statistical Bureau. 7 Verbal autopsies (VA) are commonly used in the field of epidemiological research to collect information on causes of death in countries where child deaths often occurred at home without medical attention. It involves the design of a syndrome module and verification from medical personnel. Martha Anker (1997) provides an assessment of the reliability of VA.
cause of death information altogether, as has been done in much of the previous research on the determinants of child mortality, is not necessarily the best approach either. (Murray etc, 2001) . 9 The Pakistan survey collected causes of death for more than 1,000 deaths occurring in rural areas between 1990-94.
on these estimates, we predict the probabilities of dying from each of the five specified causes for every child whose actual cause of death is unknown. We then assign the child with the unknown cause to the known cause with the highest predicted probability. As should be expected, given the nature of this imputation, our procedure does not lead to major changes in the distribution of causes of death (see Table 2 ).
Empirical Methods
We consider three models for the length of time, t, that the child survives. The respective hazard functions ) (t h are defined as follows:
Where α is the parameter, and t is the survival duration.
Piece-wise Weibull (PWW):
The survival time t is divided into k intervals by the points c 1 , c 2 …. c k-1 where otherwise
Competing Risks (CR):
The covariates X enter through the θ parameter, so that in the CR model, for example, 
Unobserved heterogeneity is an issue that arises in the estimation of hazard models of any form, but one that we do not address in this paper. It is difficult to distinguish duration dependence from unobserved heterogeneity in single-spell duration (survival time) data (Heckman and Singer, 1994) , and the Weibull specifications already allow for duration dependence. Thus, the results from the policy simulations are unlikely to be much affected by, in addition, accounting for unobserved heterogeneity.
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We do address the issue of the potential endogeneity of environmental risk factors. Household-level variables, such as access to piped water and sanitary housing conditions, are arguably correlated with parental preferences for and knowledge of child 10 In the CR model, the survival probability depends not on the integral of a single cause-specific hazard, but on the sum of the integrated hazards from all causes (i.e.,
). This is because in order to survive to age t a child must avoid dying from all causes. 11 In the case of accidents, we do not include any covariates, so that the hazard rate for accidental death is assumed not to depend on any household, community, or child characteristics, except the child's age. 12 We do account for heterogeneity in our standard error calculations. All the variance-covariance matrices are adjusted for clustering at the PSU level using the 'sandwich' estimator.
health, factors which may exert an independent influence on mortality outcomes. To deal with this problem, we use PSU or 'cluster' means of these household variables, under the plausible assumption that, at this higher level of aggregation, variation in environmental risk factors primarily reflect differences in opportunities (i.e., prices and access) rather than differences in household preferences.
13
A related point is that we are only interested here in the 'reduced form' impacts of environmental risk factors on child survival. A structural approach would allow for these factors to be mediated by such endogenous variables as nutrition and illness episodes, as well as child parity and mother's age at first birth (see Wolpin, 1997) . While a structural model sheds more light on the pathways by which exogenous environmental factors influence child survival, it is also more dependent on identifying assumptions than our reduced form approach. More importantly, a structural model yields the same overall policy conclusions as a reduced form, and these conclusions are our primary interest. In the following analysis, we use the reduced form of hazard models. Table 3 presents the variables used in our analysis along with the descriptive statistics. We focus on three environmental variables: access to safe drinking water, access to basic sanitation facilities and use of clean cooking fuels.
Results
The full set of parameter estimates of the three survival models are reported in Appendix tables 2 and 3. Since these parameters are difficult to interpret and compare, we present our main results in terms of changes in under age-5 (U5) survival probability.
In particular, for a given change in one of the X variables, say from 0 X to 1 X , we calculate the change in the predicted child U5 survival probability as ) ;
13 Rosenzweig and Wolpin (1986) argue that at the community level such aggregates also reflect average household preferences (and unobserved endowments) and that, further, the allocation of local public goods is attentive to these factors. As a consequence of this 'purposive placement' of social services, access to such services is endogenous. In the China context, however, purposive placement of, say, piped water infrastructure is probably less of an issue than in most countries, for reasons already mentioned. The possibility of selective migration of households to areas with better health infrastructure is also unlikely in rural China given its restrictive internal migration policies, although policies on rural-urban migration became more relaxed since the early 1990s.
where t is equal to 60 months. In Table 4 , these estimates are reported as lived saved per 1,000 births. Standard errors of the estimates are computed using the delta method.
Looking at four hypothetical policies: (1) universal private access to safe water;
(2) universal access to basic sanitation facilities; (3) universal access to clean fuels; and (4) universal female primary education attainment --we find little difference in their impact on child survival across the three models. The largest and most significant impact comes from access to safe water. Increasing this dummy variable from its sample mean value of 0.33 to universal access would save more than 3 lives out of 1,000 births, based on the CR and W models, and somewhat less than 3 lives according to the PWW model.
Note that the latter model tends to under-predict survival probabilities, as well as changes in survival probabilities, relative to the other two. Policies that achieve universal female primary education attainment also have a significant impact on reducing U5 mortality (although only at the 10% level of significance for W and CR models). Table 4 shows the results for the models estimated both with cluster means of the environmental variables and with the household-level variables directly. As discussed, any differences between these two sets of estimates can be attributed to the endogeneity of environmental health conditions at the household level.
14 All the models include a full set of province dummies, 15 so that we only exploit the cross-cluster variation in environmental variables within each province. For each survival model, we find little difference according to whether household variables or their cluster means are used, 16 except in the case of access to sanitation, and cooking fuel. Using the household-level sanitation variable produces significant effects in all models. However, using the cluster mean greatly attenuates the coefficient and raises the standard error somewhat.
The impact of interventions on child survival prospect is likely to vary across localities, as well as among households of different socio-economic background. To 14 Cluster-level variables may also be capturing the effects of community health externalities, which would then be part of the reduced form effect of the hypothetical policy change. In the case of maternal education, we attempt to examine the externality effects on child mortality by introducing both the individual and cluster-level variables together in the same model. 15 In the CR model, province dummies are not included in each cause-specific hazard. Instead, the province dummies are restricted to have the same coefficient in each hazard. This is because for certain causes there are few, or no, deaths in a number of provinces. 16 The correlation coefficients between the household-and cluster-level variables are 0.82, 0.88 and 0.88 for access to safe water, access to sanitation and use of clean fuel for cooking, respectively.
examine the differential impact of policy changes on child mortality, we use the same parameter estimates to also calculate changes in the predicted U5 survival probability evaluated at the sample means of poor households and households residing in poor counties. 17 Table 5 summarize the estimation of U5 deaths averted from policy changes targeted at poor households and poor localities. For the sake of comparability with earlier results, we calculate the elasticity of numbers of U5 deaths saved with respect to changes in access to safe water. The simulation results illustrate that the health benefits are larger when polices are targeted at poor localities or poor households, in comparison to that from untargeted polices (i.e. for all rural areas), with elasticity for access to piped water being 6.5 and 6.2 for poor counties and households respectively, compared with 5.6 for all rural areas. The same is true for all policy changes (sanitation, clean fuel and female education), although the numbers of lives saved are not statistically significant for sanitation and clean fuel.
To help validate the findings, particularly in regards to the impact of safe water, we consider the PWW and CR estimates more closely. In the PWW, we find, as expected, that the safe water variable has the smallest impact in the first month of life, when most infants are exclusively breastfed, as compared to the two later periods (see Appendix table 2 ). This result suggests that access to safe water is not just capturing general socioeconomic conditions that influence infant and child mortality at any age.
In a similar vein, the CR model allows us to calculate the (unconditional) probability that a child U5 dies from a specific cause, as well as how a given change in access to safe water influences each cause-specific probability. Note that it is not correct simply to compare the estimated cause-specific hazard rate coefficients in Appendix tables 2 and 3. In general, the cause-specific mortality probabilities depend on all the model parameter by virtue of the formula
is the cause-specific hazard (see Thomas, 1996) . Table 6 reports the results of this calculation, showing the predicted cause-specific probabilities and the changes in the probabilities induced by the hypothetical policy of universal access to safe water.
The first point to note in Table 6 is that the predicted changes in cause-specific mortality probabilities do indeed differ in relative terms compared to the corresponding hazard rate coefficient estimates. Nonetheless, it is still true that safe water has a negligible impact on the risk of dying from tetanus and birth-related causes, which is encouraging from the point of view of model validation. Universal access to safe water reduces the odds of dying from diarrhea, acute respiratory infection (ARI), and other illness by about the same absolute amount. In relative terms, however, improved access to safe water reduces the death rate from diarrhea the most, followed by ARI and other illnesses.
It should be noted that the prevalence of fever/ARI is particularly high in China.
Using the 1992 CHS, the estimated ARI incidence among children U5 is 17.5% compared to the LDC average of 9.4% (using all low-income countries with DHS data excluding China). Although epidemiological studies often suggest that fever/ARI is caused mainly by exposure to air pollution resulting from using solid fuels for cooking and heating, or combustion of fossil fuels for transport and power generation 18 , other pathways through which the ARI virus can be transmitted are also possible. The recent outbreak of severe acute respiratory syndromes (SARS) in China and Hong Kong, has shown that such a virus can be transmitted through piped water. While perhaps surprising, in China at least, some ARIs may be due to water-borne pathogens.
To sum up, what have we learned by estimating a competing risk model versus a
simpler all-cause model of child mortality? First, how reliable is the cause of death information? Establishing causes of child death accurately is difficult, especially when children died at home as is often the case in most LDCs. We assess the reliability of the China survey by comparing the distribution of cause of death with that in a Pakistan survey which uses the much more thorough (and expensive) methodology of verbal autopsy. The overall distribution of cause of death in rural China resembles that in rural Pakistan, except that diarrhea-caused U5 mortality is much smaller in China (6% versus 21%), probably reflecting better general sanitary conditions in China. We also impute unknown causes into one of the five identified causes based on predicted probabilities using a multinomial logit model. The ranking of the five causes from the imputed data is similar to that using the 2000 data for all LDCs estimated by WHO. The above comparison provides encouraging evidence suggesting that respondent-based surveys can be used to collect relatively reliable information on cause of death.
Second, does the CR approach affect policy conclusions? Using the three different hazard models, we simulate policy interventions that aim to achieve universal access to safe water, basic sanitation, use of clean cooking fuel, and universal female primary education in rural China. The comparison of results from these different models show no significant differences between the estimated environmental effects on child mortality from the CR model and those from simpler hazard models (using all-cause mortality) that do not explicitly account for cause of death. Hence, we conclude that the accuracy of overall policy conclusions about the effectiveness of environmental interventions would not be improved if one had access to cause of death information.
Third is the identification of policy interventions. The analysis shows that interventions targeted at improving access to safe water in rural China have a statistically significant impact on reducing U5 mortality probability. To achieve universal female primary education attainment can improve child survival prospect, but the education impact is significant only in one model specification (the PW model). We do not find evidence suggesting that to improve access to sanitation or clean cooking fuels in rural China can significantly reduce child mortality risk. The policy simulation also shows that targeting environmental polices (in particular private access to safe water) in poor localities or poor households can avert more U5 deaths than untargeted interventions, with elasticity for access to safe water being 6.5 and 6.2 for poor counties and households respectively, compared with 5.6 for all rural areas.
Fourth is validating causal effects. One of the potential analytical advantages of using the CR model lies in the validating causal relationships using information on cause of death. Using the CR model, we find that the probability of death from causes that should not be related to safe water, i.e., birth related deaths and neonatal tetanus, in fact are unrelated to access to safe water. Moreover, the probability of dying from diarrhea disease is the most responsive, at least in relative terms, to interventions that improve access to safe water. These findings lend support to our causal interpretation of the impact of access to safe water on reducing child mortality risk.
Conclusions
In this paper, we have analyzed the impact of environmental factors on child mortality in rural China using a competing risk model that takes into account the cause of death. We have argued that, given the ultimate objective of predicting the total number of child deaths that would be averted by a specific policy change, information on cause of death may, in principal, be superfluous. However, we have also identified two reasons why such information might be useful in practice: first, to obtain more accurate estimates of policy impacts and, second, to validate that these estimated impacts are indeed causal.
What have we learned by estimating a competing risk mode versus a simpler allcause model of child mortality? First, we find that taking into account cause of death information does not affect conclusions about the effectiveness of policy interventions on reducing child mortality risks. Second, knowledge on cause of death is particularly useful for validating causal interpretation of the effect of access to safe water on child mortality, hence increasing our confidence that we are not picking up spurious effects when modeling using all-cause mortality framework. Third, the policy simulations show that policy interventions targeted at poor localities or poor households avert more U5 deaths than untargeted interventions. Fourth, the findings from this study suggest that modifying future DHS survey instruments to incorporate the collection of simple cause of death information, especially for high mortality countries, may be worthwhile.
If one accepts the analytical benefits of knowing cause of death, then it is proper to ask about the costs of accurately collecting such information. In the China survey that we analyze, cause of death is based on the mother's report alone, prompted by a questionnaire listing the main causes and symptoms of fatal events. Verbal autopsies, though undoubtedly more accurate, are also much more expensive to implement, and would be prohibitively costly on a survey of such vast scale as the CHS. Thus, it is encouraging that the distribution of death by reported cause looks quite sensible in the CHS data. This suggests that modifying future DHS survey instruments to incorporate the collection of simple cause of death information, especially for high mortality countries, may be worthwhile. Indeed, a particularly useful experiment for evaluating this accuracy-cost tradeoff would be to collect respondent-based information alongside verbal autopsy data in the same DHS. Note: IMR from the 1992 survey are estimated using life table approach, and adjusted using sample weights. The IMR should be interpreted as mortality rates between 1987-92, five years before the survey. The IMR estimates from 1990 census are also based on life table method (Huang R and L Yan, 1995) . They are the estimates of IMR between 1989-90. No. deaths
Main Result Tables

(million)
Note: The figures for China are unweighted. We impute unknown causes to the five specified causes of death (birth related, tetanus, ARI and diarrhea, and other illnesses). Birth related in CHS cause include suffocation caused by umbilical cord, prematurity, and congenital anomaly. In the Pakistan survey, birth related causes cover low birth weight, small size for gestational age, birth injury, congenital anomaly and prematurity. For all LDCs, birth related causes include conditions arising in the perinatal period and congenital anomalities, and accidence includes only motor vehicle related accidents Table 4 and appendix Note: W, PWW and CR refer to weibull, piece-wise weibull, and competing risk models, respectively. The definition of clean fuel I includes coal, while clean fuel II treats coal as dirty fuel. K-M method refers to Kaplan-Meier method which is a nonparametric approach to estimate survival probability. Standard errors are adjusted for clustering on PSU in parentheses. 
